The mechanisms of immunity to salmonellae conferred by immunization with live vaccines were studied by adoptive transfer using the mouse-virulent strain Salnonella Simultaneously depleting the donors of CD4+ and CD8+ T cells by administration of antisera in vivo prior to cell harvesting showed that T cells were necessary for protection. The results demonstrate that both antibody and T cells are required for recall of immunity to oral challenge with virulent salmonellae in innately susceptible mice and suggest that the ability to elicit opsonizing antibody in addition to cell-mediated immunity is important for optimal protection induced by salmonella vaccines.
The mechanisms of immunity to salmonellae conferred by immunization with live vaccines were studied by adoptive transfer using the mouse-virulent strain Salnonella typhimurium C5 and innately susceptible BALB/c (by) mice. This organism cannot establish a sublethal infection in naive BALB/c mice. Animals immunized 2 to 3 months earlier with the S. typhimurium SL3261 aroA live vaccine were used as donors of serum, spleen cells, and mesenteric lymph node cells for naive recipients which were challenged orally with the virlent C5 strain. Simultaneous transfer of both immune serum and immune cells was necessary for protection.
Simultaneously depleting the donors of CD4+ and CD8+ T cells by administration of antisera in vivo prior to cell harvesting showed that T cells were necessary for protection. The results demonstrate that both antibody and T cells are required for recall of immunity to oral challenge with virulent salmonellae in innately susceptible mice and suggest that the ability to elicit opsonizing antibody in addition to cell-mediated immunity is important for optimal protection induced by salmonella vaccines.
The mechanisms of immunity to invasive salmonellosis remain a matter of some dispute, in particular the relative roles of humoral versus cell-mediated immunity in protection. Some of the discrepancies arise from the use of different experimental models, in particular, different challenge routes and the use of mice with different degrees of innate susceptibility to salmonellae. Innately resistant mice can be protected by immunization with killed vaccines (7), whereas innately susceptible mice require immunization with live vaccines for optimal protection (11, 14) . One of the reasons for the superior efficacy of live versus killed vaccines may be the ability of live vaccines to elicit cellmediated immunity in addition to an antibody response, suggesting that cell-mediated immunity may be important for protection in susceptible mice (2, 3, 16, 23) .
The use of innately susceptible mice is important for the study of cell-mediated immunity. Innately resistant mice can control low doses of virulent organisms which reach a plateau without the intervention of T cells (12) . In such host-parasite combinations, passively administered antibody can reduce a moderate but lethal challenge to sublethal levels such that antibody alone can confer protection by this mechanism (2) . In contrast, innately susceptible mice cannot control an established infection with virulent salmonellae, which is always lethal, even from low doses of bacteria.
We have shown that in innately susceptible mice immunized with aroA salmonellae, T cells are necessary for the specific recall of immunity to oral challenge with virulent organisms since immunized, T-cell-depleted mice could not control an infection even though they showed appreciable levels of circulating antibodies (17 (11) . The organism grows slowly in the mononuclear phagocyte system (MPS) and is cleared by 2 months (11). S. typhimurium C5 is a mouse-virulent strain with an oral 50% lethal dose of ca. 106 CFU for BALB/c mice (11) . Female BALB/c mice over 8 weeks old (Harlan Olac Ltd., Blackthorn, Bicester, United Kingdom) were immunized intravenously with ca. 106 CFU of SL3261 in a tail vein as described previously (17) . Two to 3 months later, the mice were used as donors to prepare single-cell suspensions from a pool of whole spleen and mesenteric lymph node cells as described previously (17) . Serum donors were similarly immunized, boosted once or twice at monthly intervals with the same dose of live vaccine, and checked for absence of bacteria in the MPS a month after the last boost, and serum was collected. T-cell depletion of immune cell donors was performed by administering two doses of monoclonal anti-CD4+ and anti-CD8+ antibodies 4 and 2 days before cell harvest as described previously (17) . Fluorescence-activated cell sorter analysis performed as described previously (17) showed that in vivo T-cell depletion removed more than 98% of CD4+ and CD8+ T cells.
For adoptive transfer of cells and/or serum, BALB/c female mice at least 3 months old received 0. The results clearly show that both immune serum and immune cells are required for adoptive transfer of immunity to oral challenge in this experimental model. Although clearly protected, recipients of immune cells and serum did not resist the infection as well as the immune controls. This is perhaps to be expected, given the virulence of the C5 strain for BALB/c mice.
Successful adoptive transfer of specific, T-cell-dependent immunity to other intracellular parasites such as listeriae or mycobacteria has been reported (13) . Conversely, adoptive transfer of immunity to salmonellae by using T cells has proved more difficult (6), particularly when challenging susceptible mice with virulent organisms. The present report is the first demonstration of adoptive transfer of resistance to oral challenge with virulent organisms in the mouse typhoid model.
We have recently reported that T-cell depletion severely impairs the specific recall of immunity to oral challenge with virulent salmonellae in innately susceptible BALB/c mice immunized with S. typhimurium SL3261, even though the T-cell-depleted mice had appreciable levels of serum antibody at the time of challenge (17) . The present experiments were designed to investigate whether T cells are sufficient for resistance to oral challenge. The results indicate that immune serum is required in addition to immune cells for protection against oral challenge with very virulent salmonellae. Although we depleted mice only of CD4+ and CD8+ T cells, this by no means excludes the involvement of other cell populations (CD4-CD8-CD3+ T cells or antigenspecific B cells) in the adoptive transfer of protection, which will still require the presence of functional CD4+ and CD8+ T cells and immune serum.
When performing experiments on adoptive transfer of cellular immunity to salmonellae, it is essential to determine whether protection is due to transfer of activated macrophages or T cells. Innately susceptible mice undergoing a primary sublethal Salmonella infection with attenuated organisms are resistant to challenge with virulent salmonellae or unrelated organisms (listeriae) when challenged during the early plateau phase towards the end of the first week of the infection (11, 19) . Spleen cells taken at the plateau phase can confer resistance to naive recipients, but this is due to transfer of macrophages, not T cells (6, 15) .
After the plateau phase, when organisms have been cleared from the MPS, resistance involves the specific recall of immunity which requires T cells (17) , but neither macrophages nor T cells from immune donors can transfer effective protection to naive recipients (6) . Spleen cells from mice immunized more than 2 weeks earlier with live attenuated Aro salmonellae are incapable of protecting susceptible mice against intraperitoneal (i.p.) challenge with virulent organisms although the donors are highly immune (6) . Adoptive transfer of immunity to i.p. challenge with a strain of low virulence has been reported with T-cell-enriched preparations or immune serum from BALB/c mice immunized with live vaccines or porins (18) . A delay in time to death of Swiss mice challenged i.p. with virulent S. typhimurium was observed after transfer of T-cell-rich spleen fractions but not B-cell-enriched preparations or serum. The mean survival time of control mice was 1.5 days; it is not clear whether the mice died of systemic enteric fever or of acute peritonitis (1). Transfer of resistance to i.p. challenge by B cells but not T cells has been reported in innately resistant mice (10) . This result may be due to the known effect of antibody in preventing extracellular growth of bacteria given i.p. and thus reducing the bacterial numbers that actually initiate infection in the MPS. Transfer of resistance to very low doses of virulent organisms given intravenously or i.p. has been achieved with T-cell lines (20, 21) . It has been recently shown that both CD4+ and CD8+ T cells are required for transfer of resistance to subcutaneous challenge with moderately virulent Salmonella abortusovis organisms in innately susceptible BALB/cby mice (9) . These findings indicate that, in some experimental models, T cells by themselves can actually transfer protection to very low doses of virulent salmonellae or to organisms of moderate virulence.
The results presented in this report indicate that antibodies are necessary but not sufficient for protection against oral challenge with virulent salmonellae in susceptible mice. These findings are in line with the views that antibodies by themselves, although incapable of restraining or aborting the intracellular growth of virulent bacteria in the MPS (2, 17), can increase the level of nonspecific resistance (due to macrophage activation) induced in mice by the administration of live salmonellae, Mycobacterium bovis BCG, or Listeria monocytogenes (5, 22) .
Intracellular survival is an essential prerequisite for virulence in salmonellae (8) . The mechanisms by which cellular and humoral mechanisms operate in a secondary Salmonella infection in innately susceptible mice remain unclear. The present results suggest that, at least in this experimental model, the specific recall of immunity to salmonellae is very different from immunity to other facultative intracellular parasites such as listeriae and mycobacteria, in which a decisive role for antibody has not been clearly demonstrated.
We have shown that, in recall of immunity to salmonellae, tumor necrosis factor alpha is involved in macrophage recruitment while T cells and gamma interferon are necessary for expression of resistance, presumably by activation of the newly recruited phagocytes (17) . Lysis of infected cells by macrophages or cytotoxic T cells is an important mechanism of immunity to listeriae and mycobacteria (13) , and it has recently been proposed that phagocytes contribute to resistance in primary sublethal infections with Listeria, Francisella, and Salmonella species by lysing infected hepatocytes (4) . The present results indicate that, if lysis of infected host cells is also important in specific recall of immunity to a potentially lethal secondary infection with virulent salmonellae given orally, then resistance in this situation also requires the participation of circulating antibody, which may act by facilitating the uptake of salmonellae freed from infected cells into newly recruited phagocytes with increased microbicidal potential promoted by T cells.
If this interpretation is correct, it could have implications for the development of live attenuated salmonella vaccines, as it would mean that attention must be given to the ability of a vaccine to induce opsonizing antibody directed to the bacterial cell surface as well as to elicit cell-mediated immunity (18a). This is currently under investigation. We are grateful to A. A. Nash for kindly providing the anti-CD4
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